This paper studies the effect of surface oxidization on the normal spectral emissivity of straight carbon steel Q235 in air at 1.5 μm over the temperature range from 800 to 1 100 K. For this reason, the normal spectral emissivity of straight carbon steel Q235 is measured at sixteen definite temperatures over a 6-hour heating period. The normal radiance emitted from the specimen is received by an InGaAs photodiode detector. The temperature of specimen surface is measured by the two platinum-rhodium thermocouples. The variation of normal spectral emissivity with the heating time is studied at a given temperature. The variation of normal spectral emissivity with the temperature is evaluated at a definite heating time. The strong oscillation of normal spectral emissivity is discussed, which is affirmed to be connected with the thickness of oxide layer on the specimen surface, and originate from the interference effect between the radiation stemming from the oxide layer on the specimen surface and the radiation coming from the underlying metal substrate. The uncertainty of normal spectral emissivity contributed only by the surface oxidization is about 1.5-7.1%, and the uncertainty of temperature generated only by the surface oxidization is about 1.7-5.8 K. The models between the normal spectral emissivity and the heating time or temperature are evaluated. A simple functional form including the exponential and logarithmic functions can be used to reproduce well the variation of normal spectral emissivity with the heating time at a given temperature, including the reproduction of strong oscillations.
Introduction
Various kinds of steel materials have extensive applications in each type of industry. Nowadays, the requirement on the steel quality becomes higher and higher. It is wellknown that many processes in steel manufacture are highly temperature-dependent, and the accurate temperature measurement has a strong impact on both the process control and the final product quality. However, in many processes of steel production such as forging, extrusion, cold rolling, and hot rolling, steel materials are always moving, sometimes running even very fast. Without question, these processes preclude direct physical contact of a temperature probe with the steel surface. Naturally, we only use a radiation thermometer to determine the accurate temperature.
A prior knowledge of spectral emissivity of a target is essential for the accurate measurements of temperature by a thermal radiation approach, whether for the singlewavelength or multi-wavelength thermometry. Numerous measurements have been made so as to obtain the spectral emissivity in the past several decades. As a consequence, spectral emissivity values of various kinds of materials can be available in the literature. Unfortunately, even though the spectral emissivity of a target is available, some problems still exist with this parameter during the temperature measurement by a thermometry. The reason is that the spectral emissivity sometimes greatly depends on many parameters such as type of an object, type and shape of its surface, measurement angle, temperature, wavelength, et al. 1) More importantly, in the production processes of many materials such as steel, the target is exposed in air at an elevated temperature for a long time. Surface oxidization is always travelling through the whole manufacture processes. Up to now, a great amount of work [2] [3] [4] [5] [6] has been made to clarify the effect of measurement angle, surface roughness, and wavelength on the spectral emissivity, whereas little work has been focused on the relationship between the spectral emissivity and the surface oxidization. Even for some common materials such as steel, the effect of surface oxidization on the spectral emissivity is not thoroughly studied, though great temperature measurement errors can sometimes be generated by the surface oxidization at an elevated temperature. For this reason, this work will select the straight carbon steel Q235 as the target to study the effect of surface oxidization on the spectral emissivity.
Several groups of theoretical 9) and experimental work 7, 8, [10] [11] [12] [13] [14] have sketchily studied the effect of surface oxidization on the spectral emissivity of various steels in the past fifteen years. In detail, Kobayashi et al. 7) in 1999 surveyed the time variation in the spectral emissivity of cold-rolled steel surface in the oxidization processes by measuring the spectral emissivity with a sufficiently small time interval. Some interesting results were reported and evaluated. According to the measurements, Kobayashi et al. 7) estimated that the uncertainty of spectral emissivity generated by various factors including wavelength variations was about 5-10%, but they did not evaluate the uncertainty of spectral emissivity brought about only by the surface oxidization. Furukawa and Iuchi 8) in 2000 measured the spectral emissivity of cold-rolled steel sheet at 1.55 μm in a controlled environment, and roughly investigated the effect of surface oxidization on the spectral emissivity. Iuchi 9) in 2003 described the modeling of behaviors of directional and polarized spectral emissivity of cold-rolling steels during the growth of oxidation films at 1.3, 1.5 and 3.4 μm, and studied the oscillations of spectral emissivity by simulations, which agreed well with the experimental results. Campo et al. 10) in 2006 used a new experimental apparatus to measure the directional spectral emissivity of Armco iron in a controlled atmospheric surrounding, and also briefly evaluated the effect of surface oxidization on the spectral emissivity at the different heating times. Pujana et al. 2) in 2007 investigated the spectral emissivity of 42CrMo4 steel over a wide wavelength range at several temperatures, and evaluated the spectral emissivity as a function of heating time. Wen et al. 11, 12) in 2010 studied the spectral emissivity of several kinds of steels, and briefly evaluated the effect of heating time on their spectral emissivity over the wavelengths ranging from 2.91 to 4.13 μm and temperatures of 700, 800 and 900 K. Shortly after, Wen 13) in 2011 reported the spectral emissivity measurements of a variety of steels, and also briefly discussed the effect of heating time on the spectral emissivity of these steels. Reschab et al. 14) in 2011 reported the spectral emissivity of highly alloyed steel HS2-9-1-8 at 684.5 nm at melting and in the liquid state. They 14) found out that the variation of spectral emissivity with the temperature was linear.
Summarizing the measurements reported in the literature, we can find the following. (1) Previous experimental investigations only qualitatively evaluated the effect of surface oxidization on the spectral emissivity of various steel materials. Very few quantitative spectral emissivity values can be available in the oxidizing surroundings, let alone the analytic models between the spectral emissivity and the heating time or temperature in air. (2) How many are the uncertainties of spectral emissivity brought about only by the surface oxidization? And how many are the uncertainties of temperature generated only by the surface oxidization? The two questions have not been clearly answered by any previous work, even for very common specimens such as steel. (3) The oscillations of spectral emissivity of steels were observed in previous experimental work, whereas the detailed analyses including their change rules have not been discussed. For this reason, some necessary measurements should be made so as to clarify in detail the effect of surface oxidization on the spectral emissivity prior to the practical applications of a radiation thermometry.
The aim of this work is to extend the normal spectral emissivity knowledge of straight carbon steel Q235 in air at 800-1 100 K, because the three problems mentioned above have not been solved thoroughly in previous experimental work. Two kinds of analytic relationships are studied in detail. One is that the spectral emissivity varies with the heating time at a definite temperature. The other is that the spectral emissivity varies with the temperature at a definite heating time.
In the next section, the measurement principle of experimental setup is roughly outlined, and the experimental procedure is explained in brief. In Section 3, the experimental results of normal spectral emissivity are reported over the temperature range from 800 to 1 100 K, and some discussion is made. And finally in Section 4, the conclusions are given.
Experimental

Experimental Principle
The schematic diagram of positioning method of the two thermocouples, one detector and one piece of specimen is shown in Fig. 1 . To introduce conveniently the measurement principle, here we roughly outline the configuration of this experimental setup. In the setup, the optical receiving system must be perpendicular to the specimen surface as accurately as possible so that only the normal spectral emissivity is measured. The optical receiving system uses an InGaAs photodiode as the detector. The specimen is heated up to the wanted temperature by the eddy current heater. The specimen temperature is monitored by the two R-type platinum-rhodium thermocouples, which are symmetrically welded in the front surface of the specimens near the measuring area viewed by the InGaAs photodiode detector.
Suppose the normal radiance emitted from the surface of steel Q235 specimens is P1, and the normal radiance stemming from a perfect blackbody emitter is P2 at the same wavelength λ and at the same temperature T, respectively. Then, P1 can be written as ... (1) where D and f ′ are the aperture diameter and focal length of the optical receiving system, respectively. τ0 is the transmittance of the atmosphere. A is the area of sensitive unit of the InGaAs detector. λ1 and λ2 are the spectral limits of the optical receiving system used to select the spectral band. τλ is the total transmissivity of optical receiving system. h, k and c are the Planck constant, Boltzmann constant, and light speed, respectively. (5) In Eq. (2), D, f ′ A, λ and Δλ are the parameters of optical receiving system, which are invariable once the optical receiving system is fixed. At a definite wavelength and a narrow bandwidth, both the τ0 and the τλ are constant, as discussed above. That is, the parameter given by Eq. (2) is a constant. From this point, we do not require to know the accurate value of each parameter used in Eq. (2), since we can evaluate the C at one temperature by a perfect blackbody emitter, and then used for all the subsequent measurements. Obviously, the C does not change, provided that the configuration of this experimental setup does not change. It is necessary to point out that the parameter C must be reevaluated when the configuration of experimental setup is re-adjusted. It should be pointed out that the C has something to do with the configuration of present experimental setup, but it has nothing to do with any specimens used in experiment.
We summarize how we calculate the normal spectral emissivity. We first evaluate the parameter C by a perfect blackbody emitter and store it in the control computer. Then, we obtain the temperature of specimen surface by averaging the two thermocouples when we perform each measurement of P1. Third, we calculate the normal radiance, P2, stemming from a perfect blackbody emitter according to Eq. (4). And finally, we can evaluate the normal spectral emissivity ελ at the given wavelength λ and the definite temperature T according to Eq. (5).
Experimental Setup
We briefly introduce the experimental setup used here. The experimental setup mainly consists of three modules, the optical receiving system, the specimen-heating and temperature-controlling system, and the signal-controlling and data-computing system. The optical receiving system operates at 1.5 μm with the bandwidth of about 20 nm. The specimen-heating and temperature-controlling system heats the specimen up to the wanted temperature and maintains the temperature at that value, which mainly includes two parts. One is the eddy current heater assembly. The other is the temperature-controlling assembly. Now we briefly describe the working process of experimental apparatus. The specimen emits the radiant energy in every direction at any time when it is heated by the eddy current heater. The optical receiving system receives the normal radiance, P1, which comes from the radiation of specimen. It should be pointed out that the interference filter with the bandwidth of about 20 nm operates at 1.5 μm, and is used to isolate the narrow-band spectral radiation for the present measurement. P1 is amplified by the amplifier, and then is converted into digital signal, which is sent to the micro control unit for further processing. The temperature of specimen is measured by two platinum-rhodium thermocouples. With the help of parameter C determined by a perfect blackbody emitter and the temperature measured by the two thermocouples, the normal radiance P2 can be accurately evaluated by Eq. (4). Then, the ελ is calculated according to Eq. (5). The shape of specimens used here is rectangle, which dimension is about 10 cm × 7 cm. The surface of each specimen is specular and bright. The detected area of each specimen by the optical detector is a circular region, which diameter is about 5 mm. The distance from the detector to the specimen is about 1 m.
How to determine accurately the parameter C is an important thing since this parameter is closely related to the accurate determination of normal spectral emissivity ελ. (9) Here, β is the responding function of optical receiving system. It is well-known that the β of a detector correlates to its working wavelength and temperature. Even at a definite wavelength, the responding inconsistency always exists for any kinds of optical detectors over a large temperature range. In the present experimental setup, to avoid the responding inconsistency of InGaAs detector when converting the infrared radiance P2 into the voltage signal P2′, we determine P2′ by prior measurements using a perfect blackbody emitter for every 20 K from 800 K up to 1 300 K, and store the measurements in the control computer. In our experiment, the temperature T can be accurately monitored by the two R-type thermocouples. As a consequence, P2′ between the two adjacent storing normal radiances can be accurately determined by Eq. (8) . That is, ελ can be accurately calculated, only if the temperature T of specimen
surface and the normal radiance P1 stemming from the specimen are accurately measured at the same time.
How to make the specimen maintain at the wanted temperature is obviously an important thing. The temperature-controlling assembly mainly consists of two R-type platinum-rhodium thermocouples and one microcomputercontrolled proportional-integral-derivative (PID) device. The dimension of thermocouple wire is 0.5 mm. To monitor the temperature distribution on the specimen surface, we symmetrically weld the two thermocouples in the front surface of specimens near the measuring area viewed by the detector. Only when the temperatures measured by the two thermocouples are near the given value within the reasonable uncertainty (less than 1 K), is the temperature distribution on the specimen surface homogeneous. The two thermocouples are in close contact with the specimen by spot welding. By proper setting, we have found that the microcomputercontrolled PID device can easily maintain the temperature of specimen at that given value.
The duration time necessary to heat up the specimen from the room temperature to the wanted one by the eddy current heater is usually within few minutes. During this period, the specimen is also exposed in air. Approximately, we include half of the heating time from the room temperature to the wanted one into the total heating time. In experiment, we intimately observe the variation of spectral emissivity with the temperature. No strong oscillations can be found before the wanted temperature is reached over the present temperature range. It should be pointed out that only the normal spectral emissivity is measured, since the optical receiving system is perpendicular to the specimen surface in the whole process of experiment.
In this experiment, the wavelength and its bandwidth of the optical receiving system are definite. The detector is perpendicular to the surface of specimen. Therefore, the effect on the measurements of normal spectral emissivity by the change of wavelength and emission angle does not exist. Because the steel Q235 plate material used here is carefully selected, and all the specimens used here are made from a same piece of steel Q235 plate material, their surface condition is the same. As a consequence, at the wanted temperature, only the oxidization status of specimen surface is different for the different experimental stages. We can accurately calculate the normal spectral emissivity ελ, provided that we accurately measure the temperature T and the normal radiance P1 emitted from the specimen surface at the same time.
Results and Discussion
Using this experimental setup, we have measured the normal spectral emissivity of steel Q235 specimen over the temperature range from 800 to 1 100 K. To observe the oscillations of normal spectral emissivity at each temperature as carefully as possible, the normal spectral emissivity is measured for every one min during the initial 180 min from the heating start and, after that, for every two min. We only optionally select some measurements to show the effect of heating time on the normal spectral emissivity for the sake of length limitation. These results are demonstrated in Fig. 2 for convenience of discussion. It should be pointed out that we repeat the same measurements by using another two pieces of specimens at each temperature. For each piece of specimens, the same measurements are made for five times. In detail, at every one or two min in experiment, the five-time measurements are successively made. The successive five-time measurements are made for the time interval of only every one second. Here we give an example to explain in detail how to perform the five-time successive measurements. When the given heating time is five min, the first measurement is carried out just at this moment; the second measurement is performed at five min and one second; the third measurement is at five min and two seconds, etc. The average result based on the fivetime successive measurements is regarded as the measurements at that given heating time, five min. By comparison of normal spectral emissivity between each specimen, we have found that our measurements possess excellent reproducibility, and all the oscillations of normal spectral emissivity observed here can be reproduced.
To demonstrate clearly the reproducibility of present measurements, here we optionally take the measurements of normal spectral emissivity obtained at 920 K as an example, and depict these results in Fig. 3 for convenience of discussion. It should be pointed out that the spectral emissivity given in Fig. 3 comes from three pieces of different specimens. Comparing the results between each specimen, we find out that their main structures are the same. It shows that our measurements possess excellent reproducibility. In one word, we think that the strong oscillations of normal spectral emissivity during the initial heating period do not come from the fluctuations caused by the random errors in experiment. In our previous work, 17) we have also excluded that the strong oscillations of normal spectral emissivity during the initial heating period were not generated from the fluctuations caused by the random errors. The present conclusion is the same with that reported in previous work. 17) In addition, it should be pointed out that each spectral emissivity result demonstrated in Fig. 2 is also the average of measurements based on the three pieces of specimens.
Effect of Heating Time on the Normal Spectral
Emissivity On the whole, oxidization on a metallic surface increases its normal spectral emissivity when it is maintained in air at an elevated temperature. As demonstrated in Fig. 2 , in general, the normal spectral emissivity is rapidly increased at the initial heating time, in particular within the first 200 min from the heating start. And after that, the change of normal spectral emissivity gradually becomes slow. It means that the oxidization on the surface of straight carbon steel Q235 specimens tends to be saturated gradually.
As we know, the more active a metal is, the less the heating time required is when its surface oxidization tends to be saturated at the same condition. Here we take the straight carbon steel Q235 and brass specimens as examples for comparison. The change of normal spectral emissivity of brass becomes slow after at least four hours from the heating start. 17) This phenomenon can be explained as follows. The reaction speed of brass with oxygen is slower than that of steel at the same condition. As a consequence, the accomplishment of saturated oxidization on the surface of brass requires more time than that of steel Q235 at the same temperature.
Strong Oscillation of the Normal Spectral Emissivity
As shown in Fig. 2 , obvious oscillation of normal spectral emissivity comes out only at the first several min from the heating start. From that, the normal spectral emissivity is generally increased with the heating time increasing. It is well-known that the oxidization will produce an oxide layer on the specimen surface. With the heating time increasing, the oxide layer becomes optically thicker and thicker. As we know, the refractive index of steel oxide layer is larger than that of steel specimen itself. According to the optical coherent principle, when the following equation, 18, 19) (11) is satisfied, the interference weakening between the radiation stemming from the oxide layer and the radiation coming from the underlying metal substrate happens. At this time, a valley bottom of normal spectral emissivity is generated. In Eqs. (10) and (11), m is an integer. And d is the apparent oxide layer thickness, which equals the real thickness of oxide layer multiplied by its refractive index. 18) Now we explain why the first oscillation at each temperature is very strong. When Eq. (10) is valid for the first time, the oxide layer on the specimen surface is very thin. At this time, the oxide layer is transparent, and the radiations from the underlying substrate of specimens can easily pass through the oxide layer. Accordingly, the interference effect between the two radiations is very strong. Then, a strong top peak appears. Similarly, when Eq. (11) is valid for the first time, the interference weakening between the two radiations is also very violent. As a result, a deep valley bottom comes out. That is why we can see a very strong oscillation at each temperature in the initial heating duration. The oxide layer on the specimen surface gradually becomes optically thicker and thicker with the heating time increasing. However, because of the absorption effect of oxide layer, the strong oscillation of normal spectral emissivity does not occur. Instead of this, the change of normal spectral emissivity gradually becomes slow.
Here we summarize the oscillations of spectral emissivity of various kinds of steels reported in the literature before we make comparisons between them. Kobayashi et al. 7) investigated the effect of surface oxidization on the spectral emissivity at 800 and 1 000°C, at which air was introduced into the vacuum chamber at a constant flow rate 1 cm 3 /min, and 10 cm 3 /min, respectively. Only a weak oscillation was observed at 1 000°C during the first nine min heating time from the start. Furukawa and Iuchi 8) observed an oscillation of normal spectral emissivity of cold-rolled steel during the first several seconds at 1.55 μm and 873 K when the air is injected by 8.0 × 10 -6 m 3 /s under the standard condition. Iuchi 9) observed the strong oscillations of spectral emissivity of cold-rolled steel at several wavelengths when the emission angle is 60°. At 1.5 μm and 873 K, typically, such strong oscillation occurs at about 800-second heating time from the heating start. Campo et al. 10) observed a number of weak oscillations over the wavelengths ranging from 1.28 to 25 μm at seven different heating times. Wen 11, 14) observed few oscillations during the first-hour heating time. Pujana et al.
2) also observed some weak oscillations of spectral emissivity of 42CrMo4 steel at several wavelengths at 800°C during the first several min heating time. By comparison between the present oscillations and those reported in Refs.
2), 8-11) and 14), we find that the present oscillations are weaker than those in Refs. 9) and 14), but stronger than those available in Ref. 7) , and are equivalent to those available in Refs. 8), 10) and 11). As pointed out above, obvious oscillations of normal spectral emissivity appears only at the first several min from the heating start in this work, whereas those reported in the literature 2, [8] [9] [10] [11] 14) appeared at very different heating times, typically from several seconds to an hour in the oxidizing surroundings.
Similar to those available in Refs. 2), 8-11) and 14), almost only one strong oscillation of normal spectral emissivity is observed at a definite temperature during the whole 6-hour heating period in this work. Following the first oscillation of normal spectral emissivity, some other weaker and weaker oscillations should be observed in experiment. Similar to those reported in Refs. 2), 8-11) and 14), we could not either found them out in experiment. The possible reason may be that these following oscillations are too weak. They are drowned in the fluctuations caused by the random errors. As a result, we could not distinguish them from the fluctuations.
Uncertainty of Normal Spectral Emissivity and
Temperature Generated only by the Surface Oxidization Now we investigate the uncertainty of normal spectral emissivity contributed only by the surface oxidization. According to the experimental results, we have determined that change ranges of normal spectral emissivity of steel Q235 are about 0.038, 0.038, 0.052, 0.022, 0.048, 0.023, 0.052, 0.040, 0.022, 0.038, 0.033, 0.022, 0.013, 0.014, 0.022, and 0.016 at 800, 820, 840, 860, 880, 900, 920, 940, 960, 980, 1 000, 1 020, 1 040, 1 060, 1 080, and 1 100 K, respectively. It should be pointed out that each change range given here is obtained by averaging the experimental results based on the three pieces of steel specimens. According to these results, the uncertainties of normal spectral emissivity at their respective temperatures are estimated to be about 5.0%, 5.1%, 7.1%, 3.0%, 6.4%, 3.1%, 6.8%, 5.2%, 2.8%, 4.7%, 3.9%, 2.6%, 1.5%, 1.7%, 2.8%, and 1.9%, respectively.
By the way, for convenience of comparison, here we depict the normal spectral emissivity of steel Q235 before the surface oxidization in Fig. 4 . Similar to Fig. 2 , the normal spectral emissivity demonstrated in Fig. 4 is obtained Fig. 4 . Curve of the normal spectral emissivity of steel Q235 versus temperature. © 2015 ISIJ also by averaging the three pieces of specimens. Furthermore, we can employ the following equation 2) to estimate the temperature uncertainty contributed only by the surface oxidization, ..... (12) Where c2, with a value of 14 388 μm·K, is the second constant of Planck radiation law.
According to Eq. (12) and in combination with the uncertainties of normal spectral emissivity obtained above, we can roughly estimate that the uncertainties of temperature contributed only by the surface oxidization. These uncertainties are about 3.3, 3.5, 5.0, 2.3, 5.0, 2.6, 5.8, 4.7, 2.7, 4.6, 4.0, 2.8, 1.7, 2.0, 3.3, and 2.4 K at 800, 820, 840, 860, 880, 900, 920, 940, 960, 980, 1 000, 1 020, 1 040, 1 060, 1 080, and 1 100 K, respectively. From these results, we can clearly see that the uncertainties of temperature contributed only by the surface oxidization are from about 1.7 to 5.8 K.
We have also investigated the effect of surface oxidization on the normal spectral emissivity of SPHC steel. 20) Now we perform a brief comparison between them. Three main conclusions can be obtained. The first one is that the normal spectral emissivity of steel Q235 is larger than that of the SPHC steel at the same condition. The second one is that the oscillations of normal spectral emissivity of steel Q235 obviously exist, whereas such oscillations are very few for the SPHC steel. The third one is that the change range of normal spectral emissivity of steel Q235 brought about only by the surface oxidization is somewhat similar to that of SPHC steel.
Modeling the Variation of Normal Spectral Emissivity
with the Heating Time Now we search the analytic models to be suitable for fitting the normal spectral emissivity curves shown in Fig. 2 . By trying to fit these curves using various kinds of functional forms, we have finally found out that the following equation, ............ (13) is very suitable for fitting these curves. Here, a1, a2, a3, a4, and a5 are the coefficients obtained by fitting. And the variable t is the heating time in min from the heating start. The fitting results at 800, 920, 1 000 and 1 080 K are depicted in Fig. 2 for convenience of comparison. The coefficients are collected in Table 1 for potential applications. To guarantee that the fitting spectral emissivity has at least three significant figures, In Table 1 , we quote four digits for the a1 and a3, seven digits for the a2, and five digits for the a4 and a5 after their respective decimal point. In Table 1 , ERMSE is the root-mean-square error, and R is the correlation coefficient obtained in the fitting process. Now we briefly describe the reasonability of Eq. (13). If we remove lnt or exp(at) from Eq. (13), the strong oscillation observing in experiment could not be reproduced. To reproduce the strong oscillation, we must use the combinations of lnt and exp(at) functions. It is easily understood when we carefully look into the features of these two functions, lnt and exp(at).
On one hand, from Table 1 , we see that all the ERMSE are very small and all the R are close to 1. It means that the present fitting process is reliable, and the fitting results should be of high quality; on the other hand, from Fig. 2 , we see that Eq. (13) can basically reproduce the strong oscillation of each curve, and it can also accurately predict the change trend of normal spectral emissivity with the heating time increasing. That is, Eq. (13) is a very suitable functional form to express the model between the normal spectral emissivity and the heating time at a definite temperature. It should be pointed out that altogether about 270 groups of spectral emissivity data are used for the present fitting of each curve.
In addition, we have also found that the following equation, .............. (14) can also be used for the present fitting. In Eq. (14), a1, a2, a3, a4, and a5 the coefficients obtained by fitting. And the variable t is the heating time in min from the heating start. The fitting results are also depicted in Fig. 2 for convenience of direct comparison. From Fig. 2 , we find out that Eq. (14) can also accurately predict the change trend of normal spectral emissivity with the heating time increasing, though it can not reproduce the strong oscillation of each curve. For potential applications, we collect the fitting coefficients obtained by Eq. (14) in Table 2 . Figure 5 shows the variation of normal spectral emissivity of steel Q235 specimens with the temperature for the different heating times, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min, respectively. To avoid congestion, we divide these curves in two groups to demonstrate.
Effect of Temperature on the Normal Spectral Emissivity
We can find out three main characteristics in Fig. 5 . First, below about 1 000 K, in general, the normal spectral emissivity increases with the temperature increasing. Above about 1 000 K, the normal spectral emissivity slowly changes with the temperature increasing; then, each curve demonstrates a minimum near 850 K; and finally, the change trend of each curve is almost similar. It suggests that we could use the same functional form to fit these curves into the analytical model.
We first fit the curves shown in Fig. 5 using Eqs. (13) and (14), but we find that the fitting results are not very satisfactory. However, when we use the following polynomial functional form, ..... (15) to fit these curves, we find out that the fitting results are very satisfactory. Here, a0, a1, a2, a3, a4, and a5 are the coefficients determined by fitting.
For potential applications, we collect the fitting results in Table 3 . To evaluate the fitting quality, the root-meansquare errors (ERMSE) and the correlation coefficients (R) obtained in the fitting process are also collected in Table 3 . In Table 3 , the parameter t represents the heating time from the heating start. From Table 3 , we can clearly see that all the ERMSE are smaller than 0.01, and all the R values are very close to 1. According to these results, we think that the present fitting process is reliable, and the fitting results are of high quality. In addition, to show directly the fitting quality, two groups of measurements obtained at 30 and 150 min, respectively, and the fitting results are depicted in Fig. 6 , respectively.
According to the fitting results collected in Table 3 , we can easily find out that all the curves abide by the same polynomial function given by Eq. (15), though the coefficients of each function differ from each other.
In conclusion, according to the above discussion, the effect of surface oxidization on the normal spectral emissivity of straight carbon steel Q235 should be taken into account for highly accurate temperature measurements. 
Conclusions
Here, we have investigated the effect of surface oxidization on the normal spectral emissivity of straight carbon steel Q235 at 1.5 μm over the temperature range from 800 to 1 100 K. The specimen temperature is obtained by the two thermocouples. The normal radiance emitted by the specimen is received by the InGaAs detector. Some important findings are as follows.
(1) On the whole, the normal spectral emissivity of straight carbon steel Q235 specimens goes up with the heating time increasing. The growth of oxide layer on the specimen surface contributes to the normal spectral emissivity mainly during the first 200 min from the heating start. After that, the oxidation seems to become gradually developed, and the change of normal spectral emissivity becomes slow.
(2) The strong oscillations of normal spectral emissivity have been evaluated, which come from the interference effect between the radiation coming from the oxide layer on specimen surface and the radiation stemming from the underlying substrate. The strong oscillation of normal spectral emissivity mainly appears at the first several min from the heating start.
(3) The variation of normal spectral emissivity with the heating time or temperature abides by a simple functional form. In addition, a functional form with the exponential and logarithmic functions can be employed to reproduce well the variation of normal spectral emissivity with the heating time, including the reproduction of strong oscillations.
(4) The uncertainties of normal spectral emissivity contributed only by the surface oxidization are about from 1.5% to 7.1%. And the uncertainty of temperature generated only by the surface oxidation is from about 1.7 to 5.8 K. According to these, the surface oxidization should be taken into account when we make highly accurate temperature measurements of steel Q235 by a radiation thermometer in air at an elevated temperature.
